Mono-, di-and triacylglycerol (MAG, DAG, TAG), sterol ester (SE), free sterol (S) and free fatty acid (FFA) standards were analyzed in the presence of ammonium ions and ammonia by flow injection MS 2 and MS 3 , and by normal phase-liquid chromatography (NP-LC) MS 2 positive electrospray ionization (ESI) mass spectrometry (MS). The MS data recorded for ammonium adducts ([M + NH 4 ] + ) of TAGs, DAGs, and MAGs were consistent with stepwise fragmentation mechanisms. In the first step, ammonium ion in [M + NH 4 ] + donates proton to acylglycerol and ammonia is released. In the second step, FFA is cleaved from protonated TAG, water from protonated 1,3-DAG and MAG, both FFA and water from protonated 1,2-DAG, hence leading to formation of [DAG] + ion from TAG and 1, 
Introduction
In the present study, we studied the identification of molecular species of simple lipids (mono-, di-and triacylglycerol (MAG, DAG, TAG), sterol ester (SE), free sterol (S) and free fatty acid (FFA)), and the fragmentation paths of their ammonium adducts in collision induced decay (CID) in flow injection and normal phase-liquid chromatography (NP-LC) positive electrospray ionization (ESI) mass spectrometry (MS).
Simple lipids, i.e., lipids, which yield in saponification at most two types of primary hydrolysis products [1] , are important lipid components. In nutrition, the major simple lipids, TAGs, play an important role as energy source and storage. The rest of simple lipid classes, i.e., DAGs, MAGs, FFAs, Ss and SEs, are present in fats and oils in minor amounts, but have significant nutritional, metabolic and technological importance.
Duffin et al. studied CID of ammonium adducts of MAGs, DAGs and TAGs produced by ESI [2] . The CID of ammonium adducts of TAGs has been further considered by several investigators using ESI ionization [3] [4] [5] [6] [7] [8] [9] . ESI tandem mass spectrometry of sodium and lithium adducts of TAGs has been applied for structural analysis as well [3, [10] [11] [12] . Han et al. used intrasource lipid class-selective ESI and neutral loss and precursor ion scanning in identification and quantification of molecular species in FFA, TAG, and several subclasses of phospholipids [11] . Recently, vegetable oil DAGs and TAGs have been characterized by positive ESI Fourier transform (FT) ion cyclotron resonance (ICR) MS [13] . Furthermore, atmospheric pressure chemical ionization (APCI) LC-MS [14] [15] [16] as well as matrixassisted laser desorption ionization (MALDI) MS [17] have been applied in the characterization of DAGs. To our knowledge, besides the publication of Duffin et al. [2] no other studies using ESI-MS in the analysis of MAGs have been published. Precursor ion tandem MS in positive ion mode of ESI ionized cholesterol esters [18] and plant SEs [19] has been used for identification and quantification. Furthermore, electron impact (EI) and chemical ionization (CI) gas chromatography (GC) MS [20] , and EI and negative ion (NI) CI-GC-MS [21] , has been applied in the characterization of sterol fatty acid esters, whereas LC-ESI-MS/MS in positive and negative ion modes has been used in the study of sterol ferulates [22] . FFAs have been characterized by NI-ESI tandem MS [23] and by two-dimensional ESI-MS [11] , hydroxy-FAs by NI-ESI tandem MS [24] , and dilithiated adducts of long-chain unsaturated FFAs have been analyzed by ESI-MS with low energy collisionally activated dissociation with the aim to locate the double bond positions [25] . Reversed phase (RP) LC-ESI-MS and -MS/MS, in the negative ion mode, has been applied for characterization and quantification of FFAs, as well as in the study of charge-remote fragmentation mechanism [26, 27] .
Rapeseed oil TAGs have been analyzed by GC-CI-MS [28] , NI-CI-MS/MS [29] , APCI-MS [30, 31, 15] , and ESI-FT-ICR-MS [13] . DAGs in the same matrix have been identified by APCI-MS [15, 30] , and the relative abundances of ACN:DB DAG classes and those of FFAs have been determined by either positive or negative ESI-FT-ICR-MS, respectively [13] . Precursor ion positive ESI-MS/MS has been applied to the determination of relative ratios of esterified Ss and esterified FAs in SEs of low erucic acid rapeseed oil [19] .
The objective of present study was to investigate all simple lipid classes (TAG, DAG, MAG, SE, S, and FFA) by positive electrospray ionization, in the presence of ammonium ions and ammonia, and NP-LC-ESI-MS 2 and flow injection-ESI-MS 2 and -MS 3 of standard compounds. Our aim was to conclude the fragmentation mechanisms from tandem MS data. In order to demonstrate the applicability of the methods developed, simple lipids of low erucic acid rapeseed oil were identified from NP-LC-ESI-MS 2 and the percentage composition of molecular species of each lipid class was determined.
Experimental

Materials Standards
Cholesterol ester standards, 1-lauroyl-2-oleoyl-3-palmitoylrac-glycerol, 1,3-dihexadecanoylglycerol, monoacid TAG and DAG standards, and MAG and FFA standards were purchased from Nu Chek Prep (Elysian, MN, USA), Sigma (St. Louis, MO, USA) and Fluka (Buchs, Switzerland), and 1-monopalmitin, 1-mono-olein, and plant sterol mixture from Larodan Fine Chemicals (Malmo, Sweden).
Solvents
All solvents were purchased from Rathburn, UK and were of HPLC grade.
Low erucic acid rapeseed oil was purchased from local store.
Liquid chromatography…electrospray ionization mass spectrometry (LC…ESI-MS)
Lipid standards and vegetable oil solutions were analyzed by normal phase HPLC using two Phenomenex Luna 3 m silica columns (100 mm × 2.0 mm) and a guard column (4 mm × 2.0 mm) in series. A multistep binary gradient of hexane (A) and hexane-methyl-tert-butyl ether-acetic acid (B) was employed at flow rate of 0.1 ml/min (Table 1 ).
An ion-trap Bruker Esquire LC-MS (Bruker Daltonic, Bremen, Germany) was operated in positive electrospray ionization mode. Acquisition parameters in the method for SE, TAG, and DAG and (in that for FFA, S, and DAG) were: capillary voltage 3000 V (3000 V), capillary exit offset 30 V (30 V), skimmer potential 20 V (20 V), and trap drive value of 70 (40). Full scan ESI mass spectra were recorded using a scan range of 15-1200 (50-500) m/z and summation of 15 spectra. Nebulizer (nitrogen) flow was 8 l/min and drying temperature 300 • C. Auto-MS/MS spectra for two most intense ions eluting concurrently were recorded using helium (99.996%) as the collision gas. In addition to auto-MS/MS, time windows for isolating and fragmentation of the ions for minor components of low erucic acid rapeseed oil were used. The reagent solvent, chloroform/methanol/ammonia water (25%) 20:10:3 (v/v), was pumped with a flow rate of 6.0 ml/min via a 1:100 split device to effluent flow [7] .
Chloroform solution of lipid standard was pumped using syringe pump (Cole Parmer 74900 series), at a flow rate of 500 l/h, to the eluent flow ( Table 1 ). The composition of eluent corresponded to that of the LC-MS efluent, in which the compound concerned was eluted. The mass spectrometric conditions were the same used in the LC-MS for the respective lipid class.
The amount/area ratios were determined for ammonium adducts of the following mixtures: monoacid Ss brassica-, campe-, stigma-, and sitosterol. The extracted ion chromatograms (EIC) of ammonium adducts for the standard compounds in each standard mixture were extracted from total ion current data of LC-ESI-MS, and duly integrated. The amount/area ratio was calculated for each standard compound. For calculation of amount/area ratios for the TAGs with ACN:DB not present in standard mixtures, plots of amount/normalized area versus ACN were produced for saturated TAGs (regression equation: y = 0.0053x 2 − 0.3656x + 6.3881, R 2 = 0.877, n = 20) and ACN 54 TAGs with different unsaturation (y = −0.2086x + 1.8768, R 2 = 0.906, n = 9). Respective plots were produced for saturated DAGs (y = 0.0744x − 1.2635, R 2 = 0.941, n = 10), diene DAGs (best fit: y = 0.0517x − 0.9422, R 2 = 1.000, n = 8), and for ACN 36 DAGs with varying degrees of unsaturation (y = −0.2353x + 1.4924, R 2 = 0.960, n = 6). For SE with different unsaturation the correction factor of the corresponding CE was used [19] .
Under the experimental conditions used, TAGs formed only ammonium adducts without fragmentation, as observed elsewhere [7] . In the MS 2 of unsaturated monoacid TAGs, abundant Table 2 Characteristic ions in full scan and product ion tandem mass spectra of ammonium adducts of monoacid triacylglycerols recorded in flow injection (FI) (Table 2) . Whereas, the MS 2 of trilinolein ammonium adduct showed abundant ions m/z 880 (76%), and 600 (100%) and a low intensity ion m/z 862 (8%), formed by cleavage of ammonia, linoleic acid along with ammonia, and ammonia and water, respectively. In the MS 2 of saturated TAG (tripalmitin) these ions were not observed and DAG ion [(M + NH 4 Fig. 1D ).
These data of unsaturated TAGs ( Table 2 , Fig. 1 ) indicate a stepwise fragmentation mechanism (Scheme 1). In the first step (1) of this mechanism: the ammonium ion of [M + NH 4 ] + donates a proton to one of the ester carbonyls of triacylglycerol 1, ammonia is released, and the onium ions 2a and 2b are formed. The relative abundances of ion 2a or 2b vary from a few percent points up to 70-90% in tandem MS of triene and hexaene TAGs, respectively. In the second step (2) (2), water is cleaved from oxonium ion 2, and the carbocation formed primarily is isomerized to DAG ions 3a and 3b or to 3a and 3b , which are stabilized by five-or six-membered rings, respectively. Finally, in the third step (3), acyl ions 4a and 4b are cleaved from 3a and 3b or from 3a and 3b , respectively.
MS of dioleoylglycerol standard, recorded at 53.6 min, showed an intense [M + NH 4 ] + ion m/z 638 (Table 3 , Fig. 3F ). In the CID of [M + NH 4 ] + ion with m/z 638, recorded at 53.9 min, an intense ion with m/z 339 (100%) was formed by cleavage of ammonia and oleic acid and medium intensity ions with m/z 621 (22%) and 603 (46%) were formed by loss of ammonia, and ammonia and water, respectively (Table 3 , Fig. 3G ). The medium intensity [M + NH 4 − NH 3 ] + ion with m/z 621 (22%) detected supports the proposed stepwise fragmentation path of 1,2-DAGs (Scheme 2b). In the first step (1), the ammonium ion of [M + NH 4 ] + 1 of 1,2-DAG donates a proton to the hydroxyl or the carboxyl oxygen, hence leading to formation of oxonium ions 2a, 2b, and 2c, along with ammonia. In the second step (2), water is cleaved from oxonium ion 2a, and the carboca- Scheme 2. tion formed primarily is isomerized to DAG ions 3a and 3b, which are stabilized by five-and six-membered rings, respectively, whereas the FA is released from oxonium ions 2b and 2c and MAG ions 4a and 4b are formed, which are stabilized by five-membered rings. Table 3 Characteristic ions in full scan and product ion tandem mass spectra of 1,3-and 1,2-diacylglycerols recorded in flow injection (FI) and liquid chromatography mass spectrometry (LC-MS) modes Refer to the structure proposed in Scheme 2a.
b
Refer to the structure proposed in Scheme 2b.
c m/z (abundance %). [ 
Monoacylglycerols (MAGs)
In FI-MS of linolenoyl-, linoleoyl-, 1-oleoyl-, and 1-palmitoylglycerol, and in LC-MS of stearoylglycerol, [M + NH 4 ] + ion was the base peak or a very abundant peak, whereas [(M + NH 4 ) − NH 3 ] + ion was a medium-to-high abundance peak (Table 4) ion were observed ( (Table 8 ). The MS 2 spectra of these characteristic fragment ions were similar to the MS 2 spectra of free sterol fragment ions.
Scheme 3. Free sterols (Ss)
In the LC-MS, ion chromatograms of characteristic sterol fragment ions 381, 383, 395, and 397 were recorded. The MS 2 spectra of these characteristic fragment ions were similar to those of sterol esters. Several fragment ions were common in the MS 2 spectra of the characteristic fragment ions of all plant sterol species (Table 8 ) and cholesterol (Table 5) , but a few fragment ions were specific for a certain sterol species. In addition to these, several fragment ions were characteristic to the S with saturated side chain (campesterol and sitosterol). 
Analysis of low erucic acid rapeseed oil lipids
The full scan ESI-MS were recorded in one set of experiments using the method developed for SEs, TAGs, and DAGs, and in another set with that developed for Ss, MAGs, and FFAs. The MS for peaks in the reconstructed ion chromatogram were extracted from computer, so as to reveal the m/z values of [M + NH 4 ] + ion Table 6 Characteristic ions in full scan and product ion tandem mass spectra of unsaturated free fatty acid recorded in flow injection mode (Table 8) .
Major and a part of minor molecular species of the 17 ACN:DB classes of TAGs could be identified from DAG ions [(M + NH 4 ) − NH 3 − FA] + . In the recent studies [7, 8] of shortchain TAGs, using essentially the same method than in the present study, 4-11 times lower abundance of the ion formed by cleavage of FA from the sn-2 position relative to that formed by cleavage from sn-1 or -3 positions was observed. Here, we recorded MS 2 for [M + NH 4 ] + of 1-lauroyl-2-oleoyl-3-palmitoyl-rac-glycerol in LC-MS mode. The relative abundances of [(M + NH 4 ) − NH 3 − FA] + were 39.8/17.3/42.9 for the ions formed by cleavage of FA from 1-, 2-, and 3-position, respectively. The abundances, similar to those observed for longchain acyl/short-chain acyl/long-chain acyl isomers of three acid TAGs [7] are applicable in identification of regioisomers. For most molecular species the principal regioisomer could be identified (Table 8) (Table 2) , which strongly support the stepwise mechanism. The mechanism shown in Scheme 1, differs from those presented by Duffin et al. [2] , Cheng et al. [3] , and McAnoy et al. [9] . However, the stepwise mechanism presented here is consistent with the MS 2 and MS 3 data of labeled TAGs [9] , which indicate that ␣-methylene and the hydrogen atoms of glycerol are not involved in the loss of carboxylic acid but the hydrogen atoms of ammonium ion. [3, 6, 9] .
Diacylglycerols (DAGs)
To our knowledge, mass spectrometric differention of regioisomers of intact DAGs have not been reported previously. Duffin et al. [2] acquired at 130 eV collision energy the MS 2 spectrum of ammonium adduct of dipalmitin, which was produced in the presence of 10 mM ammonium acetate. [14] [15] [16] 30] , but no regiospecific information was obtained. Positive ESI-FT-ICR-MS provided ACN:DB fingerprints of DAGs [13] and MALDI time of flight MS only protonated sodium and potassium adducts [17] , and thus no information on esterified FAs nor regioisomers.
In the present study, ammonium ions in the presence of ammonia made available soft ionization conditions, which probably led to different fragmentation paths for 1,3-and 1,2-DAGs (Scheme 2a and b) and thus permitted mass spectrometric identification of regioisomers. Fragmentation seemed to be sensitive to the changes in the analytical conditions, as shown by the MS 2 The MS data presented for ammonium adducts of TAGs, DAGs, and MAGs exhibited similarity in their fragmentation paths (Scheme 5). In the first step (1), the ammonium ion of the ammonium adduct donates a proton to acylglycerol, and ammonia is concomitantly released. In the second step (2) (Table 8) .
Free fatty acids (FFAs)
Kerwin et al. [23] used low-energy NI-ESI-MS and -MS 2 to characterize saturated and unsaturated FFAs. Han et al. [11] determined FFA anions in two-dimensional ESI-MS by comparison of their intensities with that of internal standard. Carrier and Parent [26] used RP-LC-NI-ESI-MS to quantify FFAs in phospholipid based formulations, whereas Perret et al. [27] used RP-LC-NI-ESI-MS and -MS 2 to determine and identify FFAs in chocolate samples. Hsu and Turk [25] studied dilithiated adducts of long-chain unsaturated FFAs using positive ion ESI-MS and -MS 2 . The MS 2 in the studies [23, 25, 27] 
Analysis of low erucic acid rapeseed oil
In our study, 23 molecular species in 17 ACN:DB classes of TAGs could be identified. This is less than identified by NI-CI-MS/MS [29] and by APCI-MS [30, 31, 15] . This is a high range relative to the respective relative abundance of 1-lauroyl-2-oleoyl-3-palmitoyl-rac-glycerol (17%), which indicates that molecular species of low erucic acid rapeseed oil TAGs are in fact mixtures of regioisomers. However, the dominant regioisomer can be deduced from relative abundance data. In the dominant regioisomers, palmitic and stearic acids were esterified predominantly (96 and 93%, respectively) in the sn-1(3) position (Table 8) , which agrees with the stereospecific distribution of saturated FAs in vegetable oils [34] . Furthermore, this is in agreement with the high proportion of palmitic and stearic acids among FFAs, which may be released from these positions via hydrolysis by 1,3-specific lipases. The five predominating regioisomers in the present study was consistent with those in two studies using APCI-MS [30, 15] . Furthermore, the identification of two and four regioisomers in this study was the same as in the studies [30] and [15] , respectively. The identity of four regioisomers was the same in the studies of Mottram et al. [30] and Holčapek et al. [15] , but different from that observed in our study. Recall that, in order to deduce the identity of a regioisomer from MS recorded by LC-APCI-MS, the molecular species has to be chromatographically separated from the molecular species of other ACN:DB classes. In the ESI-MS this is not required, because the regioisomer is deduced from CID of isolated [M + NH 4 ] + ion.
Byrdwell et al. [31] quantified rapeseed (Canola) oil TAGs using APCI-MS and response factors calculated from FA% ratios determined by GC-FID and APCI-MS. Holčapek et al. [15] identified regioisomers of rapeseed oil TAGs from APCI-MS, and quantified the TAG species on the basis of the relative peak areas measured with UV detection. There is a relatively good agreement of the proportions of major and minor molecular species between our study and the aforementioned two studies.
Mottram et al. [30] identified eight molecular species of DAGs in low erucic acid rapeseed oil by APCI-MS, whereas Holčapek et al. identified only five [15] , but no data pertaining to regioisomers nor quantitative estimation of molecular species of DAGs were presented in either study. In the present study, the sum of regioisomers of DAGs and their area ratios was calculated. If standards with known regioisomer ratio would be available for calibration, the real ratios of regioisomers could be measured by the present method. To our knowledge, this is the first mass spectrometric determination of MAGs.
In the present study the SE composition (%) was calculated. In order to compare the present data to the data obtained by precursor ion MS 2 and GLC of transesterified isolated SE fraction [19] , the compostions of esterified Ss and esterified FAs were calculated. A relatively good consistency in terms of S's composition was obtained between the present study (%), that determined by precursor ion MS 2 (mol%) [19] , and that determined by GLC (mol%) [19] , as apparent from the values pertaining to brassicasterol esters (5.7, 3.49, and 4.96, respectively), campesterol esters (46.3, 44.61, and 43.67, respectively), stigmasterol esters (1.6, 2.31, and -, respectively), and sitosterol esters (46.5, 49.14, and 53.8, respectively).
The composition (%) of Ss calculated from corrected areas of characteristic S fragment ions m/z 381, 383, 395, and 397 agreed well with the composition (mol%) determined by (GLC) [19] , as apparent from the values pertaining to brassicasterol (11.9 and 12.19, respectively), campesterol (32.2 and 32.98, respectively), stigmasterol (5.8 and 1.00, respectively), and sitosterol (50.1 and 53.82, respectively).
The deviations of duplicate measurements of SE, TAG, DAG, and S were relatively small and varied for the most abundant species (i.e., >10%) in these lipid classes (and for the least abundant species) (i.e., <10%) between 0.4-2.5 (0.3-10), 0.3-5 (0.3-10), 0.8-3 (0.3-11), and 0.5-12 (21)%, respectively ( Table 8 ). The deviations of MAGs and FFAS were higher: the relative standard deviations of MAGs varied between 9 and 53%, and the deviation of duplicate measurements of FFAs varied in the range 6-22%.
Significance of the results
The knowledge of fragmentation pathways plays a central role in mass spectrometry, and is required for correct interpretation of MS data besides being crucial for development of analytical method. In order to test the applicability of the MS and MS 2 data for identification and quantification of components of simple lipid classes, the methodologies developed were applied in analysis of simple lipid classes in low erucic acid rapeseed oil. Comprehensive qualitative and quantitative data of that oil were thus obtained, but such methods are in principle applicable to similar analysis of any extracts of biological samples. Note that the application of internal standardization will provide absolute concentrations. Comprehensive data on molecular species in intact simple lipids, relative to the data obtained by conventional, indirect methods, are more appropriate for evaluation of nutritional and metabolic effects of lipid class components and the effects on technical properties of oils.
